As a result of water regulation, dykes (i.e., embankments against floods) were constructed along the Tisza River and meanders were cut to control the floods in the region. These cut-off meanders resulted in oxbow lakes that are important locations for nature conservation. We collected water samples over 5 years in 7 campaigns to measure the δ 18 O (‰) and δ
H (‰) ratios in 45 oxbow lakes from the Upper Tisza
Region (NE-Hungary). We applied Random Forest Regression involving climatic data to reveal the connection with the stable isotopes. We determined that isotope ratios changed as a function of time, due to evaporation and a varying water supply (precipitation and groundwater). The average difference in the isotopic ratios for the river and oxbows increased from spring to winter, but decreased between the oxbows on both sides of the dyke. We found that isotope ratios were determined by the maximum monthly temperature in the case of oxbows in the active floodplain, whereas in case of oxbows on the reclaimed side, this was also influenced by the maximum monthly temperature, and the cumulative evaporation. As direct measurement of evaporation is difficult to evaluate, stable isotope measurements provided an effective quantitative alternative to estimate evaporation. Measuring the seasonality of the δ 18 O and δ 2 H is important to interpret the results and these data are useful to water management experts to identify the lakes at risk of running dry.
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| INTRODUCTION
In the 21st century, water is a strategically important resource in all countries of the world (Hering et al., 2010) . Rivers represent a crucial factor in the distribution of the population and any stress (either natural as climate change or anthropogenic) increases the risk of a social crisis (Vörösmarty, Green, Salisbury, & Lammers, 2000) . Both the quantity and the quality can be exploited through irrigation (Cai, McKinney, & Rosegrant, 2003) , which can endanger drinking water (Fick et al., 2009) or ecological state (Nilsson, Reidy, Dynesius, & Revanga, 2005) . It is important to find the level at which this exploitation affects rivers only to a restricted extent, so as not to endanger their multifunctional role or to disturb the operation of their environment.
Hungary, in the middle of the Carpathian Basin, is well supplied with water, but as 96% of Hungary's surface water originates in surrounding countries, these water sources are affected by the environmental consciousness and water management practices in those countries (Barreto et al., 2017; Szűcs, Kompár, Palcsu, & Deák, 2015) . The River Tisza is considered one of the most natural river valleys in Europe. The river is a significant factor in Eastern Hungary's natural landscape and, at the same time, it is exploited in several ways (e.g., for water management, irrigation, fishing, recreation, and cooling water). In addition to the river itself, oxbow lakes (both natural lakes and ones formed due to 19th-20th century flood-control projects) constitute significant natural and nature conservation resources and contribute to stabilizing ecological corridors. Oxbow lakes near the Tisza have received more attention, partly due to problems related to flooding, cyanide, and heavy metal contamination (Balogh et al., 2016; Donato et al., 2007; Nguyen et al., 2009; Tamás & Farsang, 2011) , and partly due to their role in nature conservation, water management, and the preservation of landscapes (Guida, Swanson, Remo, & Kiss, 2015; Pálfai, 2001; Szabó, Vass, & Tóth, 2012) .
The experience in other controlled floodplains around the world is similar to the Tisza, with flood control affecting many other aspects of the local environment Kerényi & Szabó, 2007; Négrel, Petelet-Giraud, Barbier, & Gautier, 2003; Ortmann-Ajkai, Lóczy, Gyenizse, & Pirkhoffer, 2014; Schindler et al., 2016) . A change in the state of an oxbow lake can cause problems over a wider area; therefore, it is important to know the state, water balance, and the factors influencing the quality, and how the relative location affects the water supply. Oxbows can be in different states of natural succession , which is a function of water supply (from precipitation and floods) and the aggradation of suspended sediments transported by floods, because oxbows in the floodplain are exposed to significant sediment accumulation (Korponai et al., 2010) . For oxbows outside the dyke (i.e., where floods are not expected to occur), rainfall and underground seepage through permeable layers of paleo river channels are the only sources of water supply. The decreasing water table in this area can also lead to a reduction of water in oxbow lakes (Pálfai, 2001 ).
There are many methods used to examine the water balance of different lakes, but a great challenge is the exact identification and quantification of the input sources and the magnitude of evaporation as these environmental variables cannot be measured directly. We can only estimate these volumes, such as the volume of rainfall falling in the catchment, and it is difficult to estimate the size of the watershed in floodplains where even the smallest topographical barriers can change the runoff. It is also difficult to determine the evaporation rate from the water body (i.e., usually only temperature data is available but relative air humidity and wind speed are also important, thus, only potential evaporation can be calculated with relevant bias) and the level of subsurface input or output. One of the possibilities to quantify the state of water bodies is the analysis of 18 O and 2 H stable isotopes.
These isotopes are tracers for the sources and movement of water, because they are essential constituents of water molecules (e.g., Coplen, 1993; UNESCO/IAEA, 2000 , 2000) . This is an exact and repeatable approach, and knowing the seasonal cycles, it is also appropriate for a long-term monitoring, including the assessment of the consequences of climate change on oxbows.
Oxbows usually are shallow lakes with about 1-3 m average depth and about 10-15 ha area in Hungary (Pálfai, 2001) . Water balance determines the existence of these lakes, thus, a lag in the timing of floods can eliminate the shallowest ones, whereas for larger and deeper lakes, the water table can decrease significantly, which has a detrimental impact on water quality and living organisms. Future climate scenarios generally predict 3-4°C increase in temperature for the Carpathian Basin, which would mean up to 8-9°C for the summer period (Bartholy et al., 2009) , which would endanger the existence of oxbows and change the managed ecosystems of the floodplains.
In Babka, Futó, and Szabó (2011) (Barreto et al., 2017; Lászlóffy, 1982) . Seasonal floods occur at the end of the winter and occasionally in the early summer.
The 19th century river control projects had a remarkable impact on the river: around 100 meanders were cut to assure shipping and flood control. The length of the river decreased and the floods were able to run off more quickly. As a result, many artificial oxbow lakes formed, but formerly natural meanders are also present in the floodplain. As part of the regulation,~3,000 km of defensive dykes were built (Lászlóffy, 1982) , dividing the floodplain into an active floodplain and a reclaimed side ( Figure 1 ). Oxbow lakes are located on both sides of these dykes; that is, on the active floodplain (between the dyke and the river) and on the reclaimed side (outside the dyke). Many of the cut-off meanders have already filled up and run dry. They have water in their shallow beds only after heavy rainfall and floods (Wittner et al., 2004) .
Usually, there are two floods in the River Tisza: first, after the melting of the winter snow and second, at early summer due to heavy rainfalls. The river inundates the floodplain between the dykes, and fills and renews the water of the oxbow lakes located in the area (Szalai et al., 2005; Türk, Bertalan, Balázs, & Fehérné Baranyai, 2016) . 
| Collection of water samples
Our goal was to perform at least two sampling campaigns in the spring, summer, and autumn seasons during our investigations. We took one average sample (from three different places) from each oxbow because these are shallow lakes without stratification. We were not able to sample each oxbow lake in each sampling period, because of changing environmental conditions: after a dry period, shallow oxbow lakes ran dry.
| Stable isotope analyses
Isotope analytical examination was carried out on the samples. Stable oxygen and hydrogen isotopes behave conservatively in most low-temperature environments. The main processes in a catchment area that determine the oxygen and hydrogen isotopic compositions of water are the phase changes that influence the water above FIGURE 1 A floodplain and its regulated environment in case of River Tisza FIGURE 2 Location of the study area and the sampling points in the Upper Tisza region or near the ground surface (melting of the snow, evaporation, and condensation), and simple mixing at or below ground surface (e.g., Clark & Fritz, 1997; Cook & Herczeg, 2000; Fontes & Edmunds, 1989; Kortelainena & Karhu, 2004; Mazor, 1997; Négrel et al., 2003; UNESCO/IAEA, 2000) . These changes are very small, but can be detected with a specialized mass spectrometer. 
| Climatic data
The CarpatClim database uses different variables (monthly precipitation, PREC; total monthly maximum temperature, TMAX; monthly potential evapotranspiration, PET; Szalai et al., 2013) to quantify the relationship between the stable isotopes and the climatic factors. We analysed the monthly data and the cumulative values, that is, we summed 4 months of precipitation and evaporation values before the dates of each water sampling (labelling these variables as PREC_SUM, TMAX_SUM, and PET_SUM) to take into account the previous climatic conditions that can have influence at the given date. CarpatClim is a homogenized database and the observations of the meteorological stations were interpolated to a 10 km grid network (Szentimrey & Bihari, 2007) . We matched the nodes of the grid with the oxbows with the nearest neighbour function of QGIS (QGIS, 2017).
| Statistical analysis
We applied hypothesis testing to show the significance of the differences in data from oxbows on the reclaimed side and on the active floodplain in the different seasons. According to the result of the Shapiro-Wilk test, we used the Spearman's rank correlation and the
Kruskal-Wallis test combined with the Mann-Whitney test with
Bonferroni correction, as the variables did not follow a normal distribution (Sokal & Rohlf, 1969) . We also applied the two-way factorial ANOVA and the ANCOVA tests (Field, 2009 ) to take multiple factors into account in the models. ANOVA and ANCOVA have assumptions about normal distribution and variance homogeneity, and ANCOVA assumes the homogeneity of regression slopes. Therefore, we applied the robust ANOVA and nonparametric ANCOVA tests (Kabacoff, 2011 O values by the seasons of the sampling campaigns and the relative location of the oxbow lakes (mean ± standard error) 0.02; p = 1.00). We also plotted the PET values that showed that the potential evaporation can explain the changes in the lakes having the maximum in the summer and a decreased volume in the autumn ( Figure 5 ). As PET was only an interpolated value over a 10 × 10 km region, the differences were minimal between the lakes in the floodplain and in the reclaimed side.
| Evaporation cycle of the oxbow lakes
Evaporation had an annual cycle in the region with peaks in the summer and winter minima ( Figure 6 ). The range was between 0 mm to the maximum of 150 mm; there were fluctuations but a definite trend cannot be identified in this short period.
Plotting the isotope ratios of δ 2 H and δ
18
O helped to describe the evaporation process (Figure 7 ). In the case of the River Tisza, different sampling periods were not distinguished by months because the dif- 
| Stable isotopes and climatic variables
The In France, Négrel et al. (2003) came to a similar conclusion when analysing the isotope ratios of the River Loire, the River Allier, and a neighbouring body of standing water, finding that the δ
18
O and δ 2 H isotope ratios of the two rivers were more negative than those of the standing water. They examined the interaction between the O and δ 2 H stable isotopes surface and the groundwater, and proved the role of local precipitation in riverside water bodies on an alluvial plain, despite the close proximity of the River Loire and the River Allier. They also measured the most negative values from the rivers after the end of winter, as we also observed. Jonsson, Leng, Rosqvist, Seibert, and Arrowsmith (2009) found that the δ
O values measured in rivers decreased after the spring melting of the snow in northern Sweden, and they also experienced measurable evaporation in the subarctic lakes, which corresponds with our results. Yi et al. (2008) observed, similarly to our results, that the isotope ratios of the river they examined are within narrow bounds, and also that the isotope ratios of the standing waters flooded by the river are always similar to the ratios found in the river. However, Longinelli et al. (2008) found evidence that the isotope ratios of Lake Garda are affected neither by the River Sarca nor the typical heavy summer precipitation. Lake Garda is a deep lake with a large surface and its volume is about 50 km 3 (Piccolroaz, Toffolon, Sighel, & Bresciani, 2013) , whereas the lakes we examined are shallow and only had volumes between 5 × 10 −5 -2.5 × 10 −4 km 3 (Pálfai, 2001) . Although the precipitation and river surplus is small in the case of Lake Garda, Hungarian oxbows can exchange their entire body of water in a short period of time (Türk et al., 2016) .
In The magnitude of evaporation depends on the environmental conditions; however, in this case, we were not able to prove this influence due to several reasons. Water bodies with large surface can be shallow, the correlation between depth and area of the lakes is only −0.14; thus, volume can be larger in the lakes having a smaller area.
Depending on how much snow fell in the winter, and how fast the snow melted, how much rain fell in the spring, and whether the precipitation initiated a flood or not, the starting state of water bodies can be very different at the beginning of the year. The degree of evaporation is reflected in the stable isotope records of the lakes. Oxbow lakes are elongated and narrow water bodies and usually surrounded by forests, which project shadows on the water surface and ensuring cooler temperature and, therefore, decrease the rate of evaporation. Lake evaporation level also can be affected by the underground input sources.
Prediction model of the evaporation resulted an explained variance of 79%, which is promising; however, it is important to note that we had only potential evaporation data as dependent variable and the calculated evaporation is not equal to the actual evaporation of the given lakes. The model is appropriate to calculate the PET values from the stable isotopes but has weak performance (only 28.8%) on predicting. The seasonality of oxbow lakes' evaporation cycle can be hypothesized, but with the help of stable isotopes, we were able to quantify the details of this cycle. Stable isotopes can reflect the water sources of the lakes, which can help in the long-term nature conservation plans. Considering the connection between the TMAX and δ values, and the long-term predictions on the increasing temperature for the future, we have to expect that there will be a higher frequency of smaller or completely dry lakes due to evaporation. When oxbow lakes' water table decrease or run dry, there are detrimental consequences on the water quality, ecosystem, and economy: living organisms die and this can also result in reduced income from the fishing and recreation (Sendzimir, Magnuszewski, Balogh, & Vári, 2006; Vári & Ferencz, 2006) . Furthermore, oxbow lakes are the organic elements of the habitat system and ecological corridors along the rivers: several protected bird species use this environment for nesting, and valuable plant species can find here an optimal refugium (Báldi, Moskát, & Zágon, 2000; Gőri, Aradi, Dévai, & Nagy, 2000; Stella et al., 2011) . In case of the River Tisza, oxbow lakes were the most important refugia in revitalizing the river after the cyanide spill in 2000 ). If drought periods endanger the stability of the lakes, sensitive species disappear.
| CONCLUSIONS
Seven stable isotope examination campaigns were performed over 5 years, allowing us to explore systematically how the isotope ratios have changed in the River Tisza and the oxbow lakes during this time.
Oxbow lake isotope ratio values show a positive shift over a year (from March to November). After the melting of the snow and flooding, the isotope ratios of the oxbows shifted in a more positive direction with evaporation. The Tisza, as well as the oxbow lakes on the floodplain and the reclaimed side, showed differences based on the stable isotope examination of the water samples. The isotope ratios of the River Tisza were sharply different from those of the oxbow lakes. The oxbow lakes on the reclaimed side differed significantly from those on the floodplain and the intensity of evaporation was higher from the spring to summer than from the summer to autumn, whereas in case of lakes in the floodplain, it followed a linear 
